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I. INTRODUCTION
For applications to ferroelectric random access memory (FeRAM), recently, most research studies have been concerned with obtaining high-quality lead zirconate titanate (PZT) films. PZT films are a promising candidate for future FeRAM, which is non-volatile memory that uses ferroelectric material in order to maintain an electric charge [1] . These are due to their excellent properties, such as: high dielectric constants, high remnant polarization and large piezoelectric coefficient. Properties of PZT film depend on many parameters including composition, crystal structure, substrate films, film thickness and electrodes. Concerning the electrodes, it is well known that the bottom and top electrodes have a strong effect on ferroelectric properties. In particular the bottom electrode plays a critical role in determining the texture and quality of the ferroelectric films, which are closely related to the remanent polarization (Pr).
For electrode materials of PZT thin films in FeRAM, various materials such as platinum (Pt) [9] , stronsium oxide (SrO) [10] , Ru [11, 12] , RuO 2 [13] , Ir [14] , and IrO 2 [15] have been studied. Among them, Pt thin films are widely used as a bottom electrode for PZT capacitor due to numerous characteristics, including low electrical resistivity, large work function, high melting point, high stability in a high-temperature oxidizing atmosphere and high catalytic activity 9]. However, ferroelectric capacitors with catalytic metals (Pt) [16] [17] [18] as top electrode are more severely damaged by hydrogen than those with a non-catalytic metal such as Au. The hydrogen-induced degradation would be characterized by a decrease in remanent polarization and an increase in leakage current. While it is not fully understood how this happens, a recent study reported that the aforementioned degradation is significantly affected by the material used as a top electrode. Therefore, gold is chosen to use for an electrical contact of the top electrode due to its resistance to corrosion, electrical conductivity, lack of toxicity and the fact that it is a non-catalytic metal.
Ferroelectric are commonly characterized by a hysteresis loop in the polarization vs. voltage. The characteristic hysteresis loop of PZT films are positively and negatively shifted to ±Vc or ±Ec (asymmetry) and exhibits disclosure of the hysteresis loop (a polarization gap between the starting and ending negative voltage leg). However, asymmetric behaviors can be induced by various factors, such as the defect charges present in the ferroelectric material, difference in the work function at the top and bottom electrodes, and interfacial charges [2] . In the present study, a PZT film was deposited on a Pt/Al 2 O 3 /SiO 2 /Si substrate by MOCVD method and circular Au top electrodes with diameters of 300 μm were patterned using a shadow mask by a vacuum evaporation method. The systematic asymmetric hysteresis loop behaviors and relationship with J-V characteristics and C-V characteristics will be described and discussed in this paper.
II. MATERIALS AND METHODS
The substrates used in this work were 8-inch silicon wafers with a platinum bottom electrode layer and an Al 2 4 : 0.870 ccm, and T(MMP) 4 : 1.460 ccm, and the total pressure was 1067 Pa and the deposition time was 3 min. Oxygen (O 2 ) and argon (Ar) were used as the oxidizing gas and carrier gas, respectively. The source materials used in this study and typical deposition condition are summarized in Table1. For electrical characterization of the thin films, gold top electrodes were applied to the film surfaces using a shadow masking evaporation method. The top electrode structures were patterned with circles using a shadow mask with a diameter of 300 μm. The films were annealed by an RTA process at temperature of 580 C for 30 sec in an O 2 atmosphere in order to crystallize the PZT films in the ferroelectric phase. X-ray diffraction (XRD, Rigaku 3272) with CuKα radiation was used to examine the crystal orientation of the PZT films. The composition of the film was measured using X-ray fluorescence (XRF, Rigaku system 3272).
The polarization as a function of voltage (P-V hysteresis), current density as a function of voltage (J-V curve), and capacitance as a function of voltage (C-V curve) were measured after performing a RTA process. A ferroelectric test system (Precision LC Radiant Technology) was used to measure their electrical properties. The sample thickness of PZT was 90-nm and the capacitor area range of 7.10 x10 . Two types of measurements were made in this work: first, the drive terminal bottom electrode (Pt) was connected to the drive of the precision LC (Fig. 1a) , and second, the Au top electrode was connected to the drive of the precision LC (Fig. 1b) . 
III. RESULT S AND DISCUSSIONS
The chemical composition of the PZT films shows a mol concentration of PbO: 52.272 mol%, ZrO 2 : 21.263 mol% and TiO 2 : 21.263 mol%, respectively. The summary of PZT composition is shown in Table 2 . Figure 2 shows the XRD pattern of the PZT films as deposited and after performing a rapid thermal annealing (RTA) process. The as-deposited PZT films shows no perovskite phase of PZT films, while after RTA process the formation of perovskite phase was occurred. The films show a mixture of PZT (001/100), (111) and (002/200) indicative of being polycrystalline. All of the P-V hysteresis loops were measured at a frequency of 1 kHz for the sample with 90-nm PZT thickness and a capacitor area of 7.10 x10 -4 cm 2 . In Fig. 3 , a typical P-V hysteresis loop of the films is shown for a maximum applied voltage of ±5 V. As shown in the figure, the hysteresis loops Figure 4 , when the Au connected to the precision LC, all of the hysteresis loops show an inverted asymmetric and the gap of the hysteresis loop is obviously larger than that observed when the drive was applied to Pt. The hysteresis loop shifted in the negative direction and the remnant polarization of the positive direction is obviously larger than those of the negative direction, that is, the remnant polarizations show Pr + ≈ 26.789 μC/cm 2 and Pr -≈ 14.125μC/cm. Furthermore, by applying the drive to Pt, the end point of the loop is below the initial point, conversely, the initial point of the loop is below the endpoint when the drive is applied to Au. This is evident by the fact that the positive half of the loop shows disclosure, such that the lower portion of the legs drops. It should as also be noted that based on the above results, the sample may lead to imprint failure caused by unstable positively and negatively poled states, a positive imprint when the drive is applied to the bottom (Pt) electrode and a negative imprint when the drive is applied to the top electrode. The imprint was apparent when the drive voltage was applied to either electrode, but the asymmetry appeared differently, depending on which electrode the drive was applied to. The asymmetries of hysteresis loops in the two opposite directions can be related to the electrode asymmetry (different work function for the bottom and top electrode [2, 3] . Au has a work function of 5.47 eV, whereas the corresponding value for Pt is 5.65 eV. The relationship between the polarization states and different work function in the ferroelectric capacitor can be considered via the model depicted in the Fig. 8 . For the case in which, the drive is applied to Au electrode (Fig. 8, right) , the drive port provides a positive DC voltage stimulus to the Au electrode, and the return port reads the sample currents from the Pt electrode. The field shows a switch from the positive polarization state to the negative one. Since the work function of Au is lower than that of Pt (Φ Au < Φ Pt ), an electron from the Au electrode is unlikely to move to the Pt electrode, implying that it is more difficult for the system to switch from final negative polarization to the initial positive one. As a result, a large gap occurs between the final polarization and the initial one, as depicted in the Fig. 4 . In the converse case as shown in the figure, when the drive is applied to the Pt electrode, because of the work function of Au is lower than that of Pt, it is implied that an electron from Pt can easily move to the Au electrode, thus the gap between the end point of polarization is small. Figure 5 and 6 show the J-V characteristics of the samples with different drive port connections to the electrode, which were measured in the voltage range of ±5 V with a delay time of 100 ms. All of the leakage current densities exhibit asymmetries. The leakage current under a positive bias is higher than that under a negative bias when the drive is applied to Pt bottom electrode, and in the converse case when the drive is applied to Au, the leakage current under a negative bias is higher than that under positive bias. The leakage asymmetry in this case also relates to the different work function of these electrodes. The difference in work functions leads to different height barriers at the bottom and top interfaces between the PZT capacitor [2] [3] [4] [5] . The relationship between current density and potential barrier height is given by the following equation [5, 6] :
where Φ°B is the potential at zero applied field and ΔΦ is the barrier reduction due to schottky effect, q is the electronic charge, k is the Boltzman constant and T is the absolute temperature. The (Φ°B -ΔΦ) difference gives the apparent potential barrier. Equation (1) shows the leakage current density dependent on the potential barrier Φ°B. In the Schottky theory [6, 8] , the height of the potential barrier is simply assumed as the difference between the metal work function Φ m and the semiconductor (Φ s ) [5] . The work function is the energy difference between vacuum level and Fermi level (E F ). When a forward bias voltage V a is applied to the junction, the barrier height in the semiconductor becomes q(Φ B -V a ) and the electron flow from the semiconductor into the metal is enhanced by a factor, exp (V a /kT)c [19] . Based on illustration model as shown in Fig. 5 and equation (1) above, it can be assumed that, for the drive applied to Pt, the positive leakage current was limited by the interface between Pt bottom electrode and the PZT film (bottom interface), while the negative leakage current was limited by the interface between Au electrode and the PZT film (top interface). Since the barrier height at the negative bias is higher than at the positive bias, therefore the leakage current under a positive bias can be much higher than that under a negative bias. In the converse case, when drive is applied to Au, the positive leakage current is limited by the Au top electrode and the PZT film (top interface), while the negative leakage current is limited by Pt bottom electrode and PZT film (bottom interface), which has a lower barrier height. Therefore, the leakage current under a negative bias can be much higher than that under a positive bias. In addition, corresponding to the current leakage behavior and the asymmetric hysteresis loop, the capacitance-voltage (C-V) curve is also shifted in the positive direction, when drive is applied to Pt, in the converse case (when drive is applied to Au as shown in Fig. 7 , the C-V curve is shifted in the negative direction. Furthermore, deposition at different temperatures may also lead to the asymmetries, since the Pt bottom electrode is deposited at a relatively high temperature, while the Au top electrode is deposited at a low temperature. As a result the bottom electrode receives a higher heat burden than does the top electrode. This leads to an increase in the interface state density at the bottom interfaces, as a result, the Schottky barriers at the interfaces of the ferroelectric elements will be asymmetric [7] . 
IV. CONCLUSIONS
The P-V hysteresis loops, J-V characteristics and C-V characteristics were investigated on a ferroelectric structure consisting of a platinum bottom electrode, a vapor-deposited gold top electrode and PZT films. The measurements were measured after performing a rapid thermal annealing process using a Precision LC Radiant Technology by applying a drive to the Pt bottom electrode connected to the drive of the precision LC, and on the other hand, the Au top electrode was connected to the drive of the precision LC. The P-V hysteresis, J-V characteristics and C-V characteristics of the PZT samples were asymmetric for both measurements. The asymmetries appeared differently, depending on the electrode to which the drive was applied. When driving the Pt bottom electrode, the polarization shifted in the positive direction, while when the drive was applied to the Au top electrode, the polarization switches shifted in the negative direction. The asymmetries of the hysteresis loops, leakage currents and the capacitance voltage in the two opposite directions were due to the electrode asymmetry in term of the work functions of the Pt bottom electrode and the Au top electrode. In addition, due to their work functions, these electrode materials lead to different barrier height at the bottom and top interfaces, resulting in different leakage currents under a positive and negative bias.
The asymmetries of the hysteresis loops and leakage currents in the two opposite directions were due to the electrode asymmetry in term of the work function of the Pt bottom electrode and the Au top electrode. In addition, due to their work functions, these electrode materials lead to different barrier height at the bottom and top interfaces, resulting in different leakage currents under a positive and negative bias.
